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A BALL -ON-BLOCK IMPACT-SPALLING WEAR TEST 
AND RESULTS ON SEVERAL  IRON ALLOYS 

By R. ~ l i c k e n s d e r f e r  ' and  B. L. ~ o r k n e r ~  

ABSTRACT 

An impact  wear t e s t i n g  machine was d e v i s e d  by t h e  Bureau of Mines 
t h a t  s i m u l a t e s  t h e  r e p e a t e d  impact  c o n d i t i o n s  e n c o u n t e r e d  i n  l a r g e  
m i l l i n g  and g r i n d i n g  o p e r a t i o n s  where b reakage  and s p a l l i n g  a r e  prob- 
lems.  The a p p a r a t u s  p r o v i d e s  d a t a  on m a t e r i a l s  t h a t  may h e l p  i n  t h e  
d e s i g n  of  a l l o y s  w i t h  improved r e s i s t a n c e  t o  d e f o r m a t i o n ,  s p a l l i n g ,  and 
b reakage .  The t e s t  b l o c k s  a r e  2 i n  t h i c k  by 6 i n  by 8 i n .  Impacts  a r e  
produced by d r o p p i n g  3-in-diam b a l l s  weighing 4 l b  from a  h e i g h t  of 10 
f t .  T e s t s  were r u n  u n t i l  b reakage  o c c u r r e d  o r  t o  a t o t a l  of 100,000 
i m p a c t s ,  Four t y p e s  of f a i l u r e s  of t h e  t e s t  b lock  were o b s e r v e d :  
( 1 )  c o l d  f low of t h e  bulk  m a t e r i a l  by p l a s t i c  d e f o r m a t i o n ,  ( 2 )  f l a k i n g  
o f  t h e  s u r f a c e  i n  t h e  impact  r e g i o n ,  (3) s p a l l i n g  of t h e  b lock t o  form 
a c r a t e r  i n  t h e  r e g i o n  of i m p a c t ,  and ( 4 )  breakage  of t h e  t e s t  b lock 
i n t o  two o r  more major  p i e c e s .  ?The e f f e c t s  of c o m p o s i t i o n ,  h e a t  t r e a t . -  
ment ,  m i c r o s t r u c t u r e ,  and h a r d n e s s  on t y p e s  of f a i l u r e  a re  d i s c u s s e d .  

~ e t a l l u r ~ i s t .  
2 ~ n g i n e e r i n g  t e c h n i c i a n  ( r e t i r e d ) .  

Albany Resea rch  C e n t e r ,  Bureau of Mines,  Albany,  OR.  



INTRODUCTION 

Many tons  of m e t a l s  a r e  l o s t  a n n u a l l y  
by wear of equipment used f o r  mining and 
p r o c e s s i n g  d n e r a l s .  The ~ u r e a u  of Mines 
i s  conduc t ing  r e s e a r c h  on causes  of wear 
and ways t o  r educe  wear l o s s e s ,  e s p e c i a l -  
l y  of s t r a t e g i c  and c r i t i c a l  m e t a l s  such  
a s  chromium, manganese, and c o b a l t .  

The a b r a s i v e  wear t h a t  occurs  d u r i n g  
c r u s h i n g  and g r i n d i n g  has  prompted t h e  
development of a l l o y s  w i t h  g r e a t e r  wear 
r e s i s t a n c e .  Manganese s t e e l  was one of 
t h e  e a r l i e s t  w e a r - r e s i s t a n t  a l l o y s ,  de- 
ve loped  100 y e a r s  ago ,  and is  s t i l l  used 
wide ly .  The a b i l i t y  t o  work harden t h a t  
p r o v i d e s  manganese s t e e l  w i t h  i t s  abra -  
s i o n  r e s i s t a n c e  can r e s u l t  i n  co ld  f low 
w i t h  s i g n i f i c a n t  d imens iona l  changes.  
M i l l  l i n e r s  of manganese s t e e l  expand a s  
a  r e s u l t  of t h e  c o l d  f low caused by re-  
p e a t e d  impacts  d u r i n g  m i l l i n g .  The ex- 
pans ion  may r u p t u r e  t h e  m i l l  s h e l l ,  and 
t h e  co ld  f low of t h e  l i n e r s  around t h e  
b o l t s  and around each  o t h e r  makes t h e  
l i n e r s  a lmost  i m p o s s i b l e  t o  remove f o r  
r ep lacement .  Manganese s t e e 1  is widely  
used t o  l i n e  t h e  o u t e r  s u r f a c e  of cones 
i n  g y r a t o r y  c r u s h e r s  and t o  l i n e  t h e  
f a c e s  of jaw c r u s h e r s  bu t  no t  t o  l i n e  rod 
m i l l s  o r  b a l l m i l l s .  More f l o w - r e s i s t a n t  
m a t e r i a l s ,  namely, h a r d e n a b l e  s t e e l s  o r  
c a s t  i r o n s ,  a r e  used t o  l i n e  rod mills 
and b a l l m i l l s .  

For over  50 y e a r s ,  a l l o y e d  w h i t e  c a s t  
i r o n s  have been recogn ized  f o r  t h e i r  h igh 
r e s i s t a n c e  t o  a b r a s i v e  wear. However, 
t h e  b r i t t l e n e s s  of w h i t e  i r o n s ,  e s p e c i a l -  
l y  t h e  e a r l y  n i c k e l  w h i t e  i r o n s ,  l i m i t e d  
them t o  a p p l i c a t i o n s  of low impact.  
There  i s  c o n s i d e r a b l e  i n f o r m a t i o n  i n  t h e  
l i t e r a t u r e  about  t h e  a b r a s i v e  wear r e -  
s i s t a n c e  of many d i f f e r e n t  a l l o y s  i n  gen- 
e r a l  ( 2 - 3 ,  5 ,  10, 16 ,  1 9 ) ~  and whi te  c a s t  - - - - - -  
i r o n  i n  p a r t i c u l a r  ( 7 ,  - 9 ,  11-12, 15 ,  17- -- - - 
181 ,  t o  c i t e  a few. 1; r e c e n t  decades ,  - 
t h e  impacr r e s i s t a n c e  and t h e  a b r a s i v e  
wear r e s i s t a n c e  of N i - C r  and Cr-Mo w h i t e  
i r o n s  have been improved. The a l l o y e d  

3 ~ n d e r l i n e d  numbers i n  p a r e n t h e s e s  re-  
f e r  t o  i t e m s  i n  t h e  l i s t  of r e f e r e n c e s  at 
t h e  end of  t h i s  r e p o r t .  

w h i t e  i r o n s  a r e  now used widely  f o r  
l i n e r s  i n  rod m i l l s  and b a l l m i l l s .  

A s  new m i l l s  were made i n  l a r g e r  diame- 
t e r s  and rods  and b a l l s  were made l a r g e r ,  
impact  f o r c e s  become more s e v e r e  on m i l l  
l i n e r  m a t e r i a l s .  I n  a d d i t i o n  t o  break- 
a g e ,  t h e  a l l o y e d  whi te  i r o n s  have a pro- 
p e n s i t y  t o  s p a l l  when s u b j e c t e d  t o  re-  
pea ted  impacts .  One s p a l l  may r e p r e s e n t  
a  g r e a t e r  l o s s  of m a t e r i a l  t h a n  inany 
hours  ' worth  of a b r a s i v e  wear. 

Improvements i n  m i l l  l i n e r  m a t e r i a l s  
have evolved s lowly owing t o  t h e  t ime re- 
q u i r e d  f o r  i n t e r a c t i o n s  t o  t a k e  p l a c e  be- 
tween foundrymen, h e a t  t r e a t e r s ,  and m i l l  
o p e r a t o r s .  Much t e s t i n g  and many metal-  
l u r g i c a l  s t u d i e s  of m i l l  l i n e r  m a t e r i a l s  
have been made, but  t h e r e  i s  s t i l l  a  need 
f o r  s y s t e m a t i c  m e t a l l u r g i c a l  s t u d i e s  
based on a  r a p i d  t e s t  t h a t  s i m u l a t e s  
m i l l i n g  c o n d i t i o n s  t o  de te rmine  t h e  rnech- 
anisms of wear. 

Impr.o.ved rnethods f o r  e .va lua t ing  m i l l  
l i n e r  m a t e r i a l s  a r e  needed t o  improve t h e  
mechanical  p r o p e r t i e s  of t h e  p r e s e n t  
types  of a l l o y s  and t o  s tudy  new a l l o y s ,  
p a r t i c u l a r l y  t h o s e  t h a t  c o n t a i n  l e s s e r  
amounts of s t r a t e g i c  m a t e r i a l s .  

It has  been q u i t e  d i f f i c u l t  t o  produce 
c o l d  f low,  s p a l l i n g ,  and breakage on 
l a r g e - s c a l e  specimens under c o n t r o l l e d  
l a b o r a t o r y  c o n d i t i o n s .  Large-sca le ,  r e -  
pea ted  impact t e s t s  were developed by 
Dixon (21 ,  Durman (131, and Bl ickens-  
d e r f e r  and Tylczak ( 4 ) .  The t e s t i n g  ma- 
c h i n e s  used b a l l s  t o p r o d u c e  t h e  impac t s .  
The b a l l s  were l i f t e d  11 t o  21 f t  and 
a l lowed t o  f a l l .  I n  t h e  f i r s t  two ma- 
c h i n e s ,  t h e  b a l l s  s t r u c k  a  massive a n v i l  
and rebounded t o  a  second a n v i l .  Consid- 
e r a b l e  i n f o r m a t i o n  on t h e  number of i m -  
p a c t s  r e q u i r e d  t o  f r a c t u r e  v a r i o u s  a l l o y s  
was o b t a i n e d  on b a l l s  and a n v i l s ,  but  no 
s p a l l i n g  was r e p o r t e d .  I n  t h e  t h i r d  ma- 
c h i n e ,  a b a l l  dropped o n t o  a  l i n e  of 
b a l l s ,  which produced a  s e r i e s  of impac t s  

down t h e  l i n e .  The t e s t  had t h e  advan- 
t a g e s  of producing many impacts  p e r  b a l l  
d rop  and p rov id ing  very  s e v e r e  impac t s  on 



t h e  f i r s t  few b a l l s  i n  t h e  l i n e .  S p a l l -  
i n g  was produced i n  t h i s  machine on b a l l s  
o f  c e r t a i n  a l l o y s ,  e s p e c i a l l y  t h e  a l l o y e d  
w h i t e  i r o n s ,  

Impact tests, such  a s  t h e  Izod and 
Charpy, a r e  of e s s e n t i a l l y  no v a l u e  f o r  
p r e d i c t i n g  t h e  s p a l l i n g  and f r a c t u r e  re- 
s i s t a n c e  of m i l l  l i n e r s .  The s t a n d a r d  
impact  specimens a r e  r e l a t i v e l y  s m a l l  and 
s u b j e c t  f b  o n l y  one impac t ;  however, m i l l  
l i n e r s  a r e  l a r g e  and r e c e i v e  l a r g e  num- 
b e r s  of impacts  t h a t  can deve lop  l a r g e  

compress ive  s t r e s s e s  n e a r  t h e  s u r f a c e *  
Even f r a c t u r e  toughness  tests a r e  of lit- 
t l e  v a l u e  f o r  p r e d i c t i n g  s p a l l i n g  and 
f r a c t u r e  behav io r  of a l l o y e d  w h i t e  c a s t  
i r o n s  ( 1 ,  - 5).  

I n  t h e  p r e s e n t  tes t ,  a n  a n v i l  i s  t h e  
test b lock  upon which hardened s teel  
b a l l s  a r e  dropped t o  produce impac t s .  
The r e c t a n g u l a r  t e s t  b lock more c l o s e l y  
resembles  a  m i l l  l i n e r  o r  c r u s h e r  c a s t i n g  
t h a n  does t h e  b a l l  t e s t  specimen of t h e  
o t h e r  b a l l d r o p  tests, 

EXPERIMENTAL PROCEDURE, 

BALL-ON-BLOCK IMPACT WEAR  MACHINE^ 

The t e s t  a p p a r a t u s  p r o v i d e s  a  means f o r  
d ropp ing  4-lb s t e e l  b a l l s  10 f t  o n t o  a  
test  block.  The machine,  a s  shown i n  
f i g u r e s  1 and 2 ,  c o n s i s t s  of a  l i g h t -  
weight  s t e e l  f rame,  a  conveyor and ramp 
sys tem f o r  t r a n s p o r t i n g  t h e  b a l l s ,  and a n  
a n v i l  f o r  s u p p o r t i n g  a  t e s t  b lock i n s i d e  
a  l a r g e  f u n n e l  t h a t  c o l l e c t s  t h e  rebound- 
i n g  b a l l s .  The a n g l e - i r o n  frame i s  14 f t  
h i g h  and 4-112 f t  s q u a r e ,  A rubber  b e l t  
conveyor w i t h  ny lon  bucke t s  l i f t s  t h e  
b a l l s  t o  t h e  top .  The upper  b e l t  convey- 
o r  i s  d r i v e n  by a  gear-head motor and a  
c h a i n  r e d u c t i o n  d r i v e  mounted on t o p  
of  t h e  frame. The conveyor t r a v e l s  a t  
126 f t / m i n .  Mounted on t h e  t o p  of t h e  
frame i s  a  b a l l - c a t c h i n g  ramp t o  d i r e c t  
t h e  b a l l s  t o  t h e  v e r t i c a l  d r o p  tube.  The 
d r o p  t u b e ,  3-114 i n  I D  by 7-112 f t  l o n g ,  
g u i d e s  t h e  b a l l s  t o  t h e  test  block.  The 
lower  end of t h e  t u b e  i s  2-112 f t  above 
t h e  test block t o  a l l o w  s p a c e  f o r  re- 
bounding b a l l s .  

The bottom £ r a m  s u p p o r t  i s  r a t h e r  mas.- 
s i v e l y  c o n s t r u c t e d  of I ~ b e a m  s t e e l ,  A 
subframe s u p p o r t s  a  rubber - l ined  s t e e l  
t u b ,  w i t h  a  cone-shaped lower  s e c t i o n ,  
f o r  c o l l e c t i n g  t h e  bouncing b a l l s .  It 
h a s  a n  8-in-diam opening a t  t h e  bottom. 
Under t h e  opening,  an  i n c l i n e d  ramp 

c a t c h e s  t h e  b a l l s  and r e t u r n s  them t o  t h e  
conveyor p ickup  p o i n t .  

I n  t h e  c e n t e r  of t h e  c o l l e c t i n g  t u b  a  
heavy s t e e l  base  p l a t e  and hold-down f i x -  
t u r e s  hold  t h e  t e s t  b lock  i n  p l a c e  ( f i g .  
3 ) .  The sample b lock  i s  t i l t e d  abou t  5' 
i n  o r d e r  t h a t  a  rebounding b a l l  i s  l e s s  
l i k e l y  t o  s t r i k e  t h e  nex t  b a l l .  

The b a l l s  used were nominal ly  3-in-diam 
commercial g r i n d i n g  b a l l s  made of high- 
ca rbon ,  low-alloy s t e e l ,  and h e a t  t r e a t e d  
by t h e  s u p p l i e r  t o  a  Br ine11 ha rdness  
g r e a t e r  t h a n  HI3 650, 

Mounted on t h e  frame i s  a  sand  hopper 
w i t h  a  hose t h a t  c a r r i e s  sand t o  a  s i d e  
p o r t  l o c a t e d  8 i n  from t h e  lower end of 
t h e  drop tube.  The sand t r i c k l e s  o n t o  
t h e  t e s t  b lock  i n  t h e  r e g i o n  of b a l l  i m -  
p a c t .  The sand  e v e n t u a l l y  f i n d s  i t s  way 
t o  t h e  bottom of t h e  c o n i c a l  t u b ,  through 
smll  h o l e s  i n  t h e  b a l l  ramp, and i n t o  a  
c o l l e c t i n g  box. The sand is  used t o  more 
c l o s e l y  approach t h e  impact c o n d i t i o n s  i n  
a  r e a l  b a l l d l l  i n  which o r e  is  u s u a l l y  
p r e s e n t  a t  t h e  p o i n t  of impact between a  
b a l l  and l i n e r .  

An i n t e r r u p t i b l e  l ight-beam c o u n t e r  on 
t h e  lower  ramp moni to r s  t h e  number of 
b a l l s  t h a t  pass .  

4 ~ h e  a u t h o r s  wish t o  acknowledge J e f -  OPERATION 
f r e y  S .  Hansen, m e t a l l u r g i s t ,  Albany 
Research Cen te r ,  f o r  t h e  i n i t i a l  eng i -  Before  s t a r t i n g  up t h e  machine,  a  t e s t  
n e e r i n g  d e s i g n  of t h e  equipment t h a t  sub- b lock  i s  f a s t e n e d  i n  t h e  h o l d e r ,  The 
s e q u e n t l y  l e d  t o  t h e  p r e s e n t  machine. p r o t e c t i v e  s c r e e n s  around t h e  t o p  of 



FIGURE 1. - Ba l l -on -b lock  impact wear tes t i ng  machine,  



Conveyer -,. 

Bucke ts  (18 in 
a p a r t )  

Guard  screen 



F I G U R E  3. - Test block 

t h e  b a l l  c o l l e c t i n g  t u b  a r e  i n s t a l l e d .  
Twelve b a l l s  from a  known l o t  a r e  put  in -  
t o  t h e  bottom ramp. To s t a r t  up t h e  ma- 
c h i n e ,  t h e  conveyor is  t u r n e d  on ,  and 
t h e  sand f low is t u r n e d  on and a d j u s t e d  
t o  6 t o  8  l b / h r .  C o n s i d e r a b l e  bouncing 
o f  t h e  b a l l s  from t h e  t e s t  b lock  and t h e  
rubber - l ined  t u b  o c c u r s  b e f o r e  they  f i n d  
t h e i r  way o u t  t h e  bottom opening.  Im-  
p a c t s  on t h e  t e s t  b lock  occur  a t  a  r a t e  
o f  about  2,000 p e r  hour  no t  i n c l u d i n g  oc- 
c a s i o n a l  l i g h t  impac t s  from rebounding 
b a l l s .  

TEST BLOCKS 

The a l l o y  compos i t ions  s e l e c t e d  f o r  
e v a l u a t i o n  of t h e  t e s t  equipment rep- 
r e s e n t  a  wide range  of t y p i c a l  wear- 
r e s i s t a n t  a l l o y s  used i n  mining and m i l l -  
i n g  a p p l i c a t i o n s .  The a l l o y s  s e l e c t e d  
were expec ted  t o  p r o v i d e  d i f f e r e n c e s  i n  
modes of f a i l u r e  d u r i n g  t h e  t e s t .  Al loys  
i n c l u d e d  mild  s t e e l ,  aus ten i t i c -manganese  

mounted in  testing machine. 

s t e e l ,  high-carbon s t e e l ,  low-alloy 
s t e e l s ,  lean-manganese  a l l o y  s t e e l ,  
p e a r l i t i c - c a s t  i r o n ,  and a  v a r i e t y  of a l -  
loyed w h i t e  c a s t  i r o n s .  The a l l o y s ,  i n -  
c l u d i n g  t h e i r  chemical  a n a l y s i s ,  a r e  
l i s t e d  i n  t a b l e  1. Except f o r  t h r e e  com- 
m e r c i a l  c a s t i n g s ,  t h e  t e s t  b locks  were 
p repared  i n  t h e  l a b o r a t o r y .  Al loys  were 
mel ted  i n  a  100-lb a i r  i n d u c t i o n  f u r n a c e  
and poured i n t o  a  g r a p h i t e  mold. The 
s h r i n k  c a v i t y  was minimized by adding an 
exo the rmic  compound o n t o  t h e  t o p .  

T e s t  b locks  were 6 i n  wide,  approxi-  
mate ly  8  i n  l o n g ,  and 2  i n  t h i c k .  The 
6- by 8-in f a c e  was t h e  impact s u r -  
f a c e .  Before t e s t i n g ,  t h e  b locks  were 
s a n d b l a s t e d  and h e a t  t r e a t e d .  The h e a t  
t r e a t m e n t s  ( t a b l e  l ) ,  i n c l u d e d  a  wide 
range  of c o o l i n g  r a t e s  and temper ing tem- 
p e r a t u r e s .  S o l u t i o n  t r e a t m e n t s  o r  r e -  
a u s t e n i t i z i n g  t r e a t m e n t s  t h a t  were done 
a t  t empera tu res  of 1,000" C o r  h i g h e r  



TABLE 1. - Composition and h e a t  t r e a tmen t  of t e s t  b locks  

ND Not 
'AC Air 

Lean Mn, Cr-Mo s t e e l .  
P e a r l i t i c  Cr-Mo s t e e l  

M a r t e n s i t i c  Cr-Mo 
s t e e l .  

P e a r l i t i c  c a s t  i r o n , .  
M a r t e n s i t i c - g r a p h i t i c  

i r o n .  
N i  whi te  c a s t  i r o n . .  . 
N i - C r  wh i t e  cast i r o n  

High Cr-Mo w h i t e  cast  
i r on .  ..... d o .  ............. 

I I 

determined.  
coo l .  FC Furnace cool .  OQ Oil quench. 

Analysis. wt-~ct 1 Heat t rea tment  l 

Hot-rol led condi t ion .  
1,400" C f o r  2 h r ,  W Q .  
1,040" C f o r  2 h r ,  AC; 
840" C ,  34; temper a t  
260' C. 

1.040" C f o r  2 h r ,  FC. 
1,040" C f o r  6 h r ,  OQ; 
temper a t  290" C. 

1,010" C f o r  2 h r ,  AC. 

1,040" C f o r  2 h r ,  W Q .  
870" C f o r  3 h r ,  OQ;  

temper a t  315' C. 
450" C f o r  4 h r ,  AC; 

275" C f o r  4 h r ,  AC. 
775' C f o r  12 h r ,  slow 

FC (20 h r ) .  
775" C f o r  6 h r ,  AC; 

temper at 220" C .  
Unknown, commercial, 

WQ Water quench. 

17.9 1.1 .49 N D 1  .03 .067 1 , 0 1 0 ~  C f o r 4 h r ,  AC; 
temper a t  510° C 12 

18.1 2.3 
I , coo l  t o  540" C ,  AC. 

1.1 2.3 -055 
h r ,  AC. 

.063 1 1,000' C f o r  8 h r ,  f a n  



were conduc ted  i n  c a s t  i r o n  c h i p s  t o  p re -  
v e n t  d e c a r b u r i z a t i o n .  

A f t e r  h e a t  t r e a t m e n t ,  t h e  b l o c k s  were 
v i s u a l l y  i n s p e c t e d  f o r  c r a c k s  and o t h e r  
d e f e c t s ;  if none were f o u n d ,  t h e  b l o c k s  
were weighed,  measured ,  and t h e  B r i n e l l  
h a r d n e s s  was de te rmined .  The back ( b o t -  
tom) of t h e  b lock  was ground f l a t  t o  g i v e  
good c o n t a c t  w i t h  t h e  a n v i l .  

A comple te  t e s t  f o r  a  b l o c k  normal ly  
e n t a i l e d  a  t o t a l  of 100,000 impac t s .  A f -  
t e r  10 ,000,  20 ,000 ,  35 ,000 ,  and 60,000 
i m p a c t s ,  t h e  b l o c k  was removed from t h e  
h o l d e r  and i n s p e c t e d  f o r  c r a c k s ,  s p a l l -  
i n g ,  and o t h e r  impac t  damage. Any damage 
was n o t e d  and r e c o r d e d .  The b l o c k  was 
weighed and t h e  s i z e  of  t h e  c r a t e r  was 
measured.  The b l o c k  was t h e n  r e i n s t a l l e d  
f o r  f u r t h e r  t e s t i n g .  I f  t h e  b l o c k  f r a c -  
t u r e d ,  t h e  test was t e r m i n a t e d  and t h e  
p i e c e s  were c o l l e c t e d ,  weighed,  and 

i n s p e c t e d .  The volume of  t h e  c r a t e r  was 
measured i f  p o s s i b l e .  I f  a  f a i l u r e  was 
a s s o c i a t e d  w i t h  a p r e e x i s t i n g  c r a c k  o r  
c a s t i n g  f l a w ,  t h e  t e s t  was d i s q u a l i f i e d  
and was n o t  i n c l u d e d  i n  t h i s  r e p o r t .  

Although each  l i n e r  i n  a r e a l  b a l l m i l l  
cou ld  be e x p e c t e d  t o  r e c e i v e  m i l l i o n s  of 
b a l l  impac t s  d u r i n g  i t s  l i f e t i m e ,  i t  i s  
b e l i e v e d  t h a t  100,000 impac t s  concen- 
t r a t e d  i n  one s p o t ,  as i n  t h e  p r e s e n t  
t e s t ,  r e p r e s e n t s  a  s e v e r e  t e s t  w i t h  t h e  
advan tage  t h a t  i t  can  be comple ted  i n  a  
t e s t  t ime of 50 h r  o r  l e s s .  

A f t e r  t h e  ba l l -on-block t e s t s  were com- 
p l e t e d ,  t e s t  specimens  f o r  m e t a l l o g r a p h y  
and abras ive-wear  t e s t s  were c u t  f rom t h e  
b l o c k s  wi-th a slow-speed band saw u s i n g  a 
tungs  t en -ca rb ide - t ipped  b l a d e .  The m i -  
c r o s t r u c t u r e s  of  t h e  t e s t  b l o c k s  a r e  g i v -  
en  i n  t a b l e  2. The a b r a s i v e  wear t e s t s  
have no t  been comple ted  a t  t h i s  t ime.  

TABLE 2 .  - M i c r o s t r u c t u r e  of t e s t  b l o c k s  

3 .  High-carbon C r  s t e e l . . . . . .  

..... 4 . . . . .  1 Lean Mn, Cr-Mo s t e e l .  
5. . . . .  P e a r l i t i c  Cr-Mo s t e e l . . . . .  

. 6.... 

7 . . . . .  
a * . . . .  

M a r t e n s i t i c  Cr-Mo s t e e l . , ,  

P e a r l i t i c  c a s t  i r o n . . . . . , ,  
M a r t e n s i t i c - g r a p h i t i c  i r o n  

9 . .  N i  w h i t e  c a s t  i r o n . . . . . . . .  

1 0  ..... 
l l . I . . .  

M i c r o s t r u c t u r e  

N i - C r  w h i t e  c a s t  i r o n . . . . .  

..... d o . . . . . . . .  ........... 
1 2 a , b , c  

A u s t e n i t e ,  equ iaxed  g r a i n s  w i t h  numerous s m a l l  

High Cr-Mo w h i t e  c a s t  i r o n  

p r e c i p i t a t e s .  
About 2 p c t  i n t e r d e n d r i t i c  e u t e c t i c  c a r b i d e s  and 

t r a c e s  of g r a p h i t e  i n  b a i n i t e .  
About 40 p c t  p e a r l i t e  i n  c o n t i n u o u s  a u s t e n i t e .  
Tempered m a r t e n s i t e .  
Masses of c o a r s e  m a r t e n s i t e  i n  p r i o r  d e n d r i t i c  

a u s t e n i t e .  
P r i m a r i l y  p e a r l i t e ;  i n t e r g r a n u l a r  c a r b i d e s .  
Type A g r a p h i t e  f l a k e s  and 5  p c t  i n t e r d e n d r i t i c  

c a r b i d e  i n  m a r t e n s i t e  m a t r i x .  
Very c o a r s e  i n t e r d e n d r i t i c  e u t e c t i c  of Fe-Cr 

c a r b i d e s ;  d e n d r i t i c  c o a r s e  m a r t e n s i t e .  
I n t e r d e n d r i t i c  a c i c u l a r  Fe-Cr c a r b i d e s ;  den- 

d r i t e s  of tempered m a r t e n s i t e .  
Very f i n e - g r a i n e d  network of Fe-Cr c a r b i d e s  i n  

a u s t e n i t e  w i t h  t r a c e s  of m a r t e n s i t e .  
I n t e r d e n d r i t i c  a c i c u l a r  Fe-Cr c a r b i d e s ;  c o n t i n u -  

o u s  a u s t e n i t e  w i t h  s e c o n d a r y  c a r b i d e s  and some 
m a r t e n s i t e ,  

Cont inuous  i n t e r d e n d r i t i c  Fe-Cr c a r b i d e s ;  den- 
d r i t e s  of tempered m a r t e n s i t e .  

R e l a t i v e l y  c o a r s e  i n t e r d e n d r i t i c  Fe-Cr c a r b i d e s ;  
d e n d r i t i c  a u s t e n i t e  w i t h  s e c o n d a r y  c a r b i d e  

1 p r e c i p i t a t e s .  



RESULTS AND DISCUSSION 

The f a i l u r e s  t h a t  o c c u r r e d  i n  t h e  t e s t  
b l o c k s  a f t e r  r e p e a t e d  i m p a c t s  by 3- in  
b a l l s  were  c l a s s i f i e d  i n t o  f o u r  t y p e s :  
c o l d  f l o w ,  f l a k i n g ,  s p a l l i n g ,  and break-  
a g e .  Cold f l o w  d e s c r i b e s  t h e  b u l k  d i s -  
p l acemen t  of m e t a l  by p l a s t i c  deforma- 
t i o n .  F l a k i n g  r e f e r s  t o  t h e  f o r m a t i o n  
and s e p a r a t i o n  of  v e r y  t h i n  p i e c e s  of 
m e t a l  c a u s e d  by r e p e a t e d  p l a s t i c  deforma-  
t i o n  i n  t h e  r e g i o n  of impac t .  S p a l l i n g  
describes t h e  s e p a r a t i o n  of r e l a t i v e l y  
l a r g e  p i e c e s  of m e t a l ,  a b o u t  118 t o  114 
i n  a c r o s s ,  f rom t h e  s u r f a c e  i n  t h e  r e g i o n  
o f  r e p e a t e d  i m p a c t .  Breakage  means t h a t  
t h e  b l o c k  f r a c t u r e d  i n t o  two o r  more ma- 
j o r  p i e c e s .  The t e s t  r e s u l t s  a r e  g i v e n  
i n  t a b l e  3. 

Cold f l o w  o c c u r r e d  i n  f o u r  t e s t  b l o c k s ,  
p r i m a r i l y  t h e  s o f t e s t  o n e s .  F l a k i n g  oc- 
c u r r e d  i n  t h e s e  same f o u r  b l o c k s  and i n  
two a d d i t i o n a l  o n e s .  S p a l l i n g  o c c u r r e d  
i n  s i x  t e s t  b l o c k s ,  a l l  o f  which were  a l -  
l o y e d  w h i t e  c a s t  i r o n s ;  f u r t h e r m o r e ,  f o u r  
o f  t h e s e  broke  b e f o r e  r e a c h i n g  100,000 
i m p a c t s .  F i v e  a d d i t i o n a l  b l o c k s  b r o k e ,  
o n e  of  which e x h i b i t e d  f l a k i n g  b e f o r e  
b r e a k i n g .  The w e i g h t  l o s s  of b l o c k s  
r a n g e d  f rom 0.09 mg p e r  impact  f o r  mini -  
mum f l a k i n g  t o  5.1 mg p e r  impact  f o r  

IMPACTS, l h o u s o n d s  

FIGLIRE 4. - Wear ra tes  of test  b locks .  

maximum s p a l l i n g .  The r a t e s  a t  which  
b l o c k s  l o s t  w e i g h t  a r e  shown by t h e  
s l o p e s  of t h e  c u r v e s  i n  f i g u r e  4. The 
r a t e s  of w e i g h t  l o s s  d e c r e a s e d  f o r  sev-  
e r a l  a l l o y s  a s  t h e  t e s t  p r o g r e s s e d .  For  
example ,  t h e  h i g h  Cr-Mo w h i t e  c a s t  i r o n ,  
( b l o c k  1 3 ) ,  l o s t  w e i g h t  v e r y  s l o w l y  be- 
yond 20 ,000 i m p a c t s .  

I n  r e a l  b a l l m i l l s ,  o n l y  t h r e e  of t h e s e  
t y p e s  of f a i l u r e s  have  been r e p o r t e d ;  
name ly ,  c o l d  f l o w ,  s p a l l i n g ,  and break-  
age .  F l a k i n g  i s  n o t  o b s e r v e d  i n  r e a l  
m i l l  l i n e r s  a p p a r e n t l y  because  t h e  a b r a -  
s i v e  wear  r a t e  i s  f a s t e r  t h a n  t h e  f l a k i n g  
r a t e ;  t h e r e f o r e ,  t h e  s u r f a c e  l a y e r s  a r e  
removed b e f o r e  f l a k e s  can  form. 

COLD n o w  

Cold f l o w  is  c l o s e l y  r e l a t e d  t o  f l a k -  
i n g ,  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n ,  
b e c a u s e  b o t h  r e s u l t  f rom p l a s t i c  d e f o r -  
ma t ion .  The g r e a t e s t  amount of c o l d  f l o w  
was o b s e r v e d  i n  t h e  two s o f t e s t  a l l o y s ,  
a s  might  be e x p e c t e d ;  namely ,  b l o c k s  1  
and 2 ,  mi ld  s tee l  and a u s t e n i t i c -  
manganese s t e e l .  A s  shown i n  f i g u r e s  5  
and 6 ,  t h e  impact  r e g i o n  deformed by de- 
v e l o p i n g  a  broad  c r a t e r  and by f l o w i n g  
ou tward  t o  form a  l i p  of f lowed m e t a l  on 
t h e  end of t h e  b lock .  The volume of t h e  
i m p a c t  c r a t e r  i n  t h e  mi ld  s tee l  was ap- 
p r o x i m a t e l y  1  i n 3  f o r  50,000 i m p a c t s ;  f o r  
t h e  manganese s t e e l  i t  was 2 i n 3  f o r  
120 ,000 i m p a c t s ,  n e a r l y  t h e  same c o l d  
f l o w  volume p e r  impac t  ( t a b l e  3 ) .  B locks  
3  (h igh -ca rbon  chromium s t e e l )  and 4  
( lean-manganese  s t e e l )  were t h e  o n l y  o th -  
e r s  t o  c o l d  f l o w  t o  a  m e a s u r a b l e  d e g r e e .  
B lock  3  d e v e l o p e d  a  c r a t e r  of 0 .43  i n 3  
and b l o c k  4  a  c r a t e r  of 0.17 i n 3  a f t e r  
100 ,000 i m p a c t s  e a c h ,  a  c o l d  f l o w  r a t e  of  
o n l y  1.7 x i n 3  p e r  impact  o r  a b o u t  
10  p c t  of t h a t  of t h e  f i r s t  two b l o c k s .  

A l though  t h e  e x t e n t  of c o l d  f l o w  c a n n o t  
be a c c u r a t e l y  measured by t h i s  ba l l -on -  
b l o c k  t e s t ,  t h e  r e s u l t s  on mi ld  s t e e l  and 



TABLE 3. - Summary of t e s t  r e s u l t s  

Block 1 Type of a l l o y  

Mild s t e e l . . . . . . . . . . . . . . . .  
A u s t e n i t i c  Mn s t e e l . . . . . . .  
High-carbon C r  s t e e l .  ..... 

..... Lean Mn, Cr-Mo s t e e l .  
P e a r l i t i c  Cr-Mo s t e e l . . . . .  
M a r t e n s i t i c  Cr-Mo s t e e l . . .  
P e a r l i t i c  cast iron. . . . . . .  
M a r t e n s i t i c - g r a p h i t i c  i r o n  
N i  whi te  c a s t  i ron. . . . .  ... 
N i - C r  w h i t e  c a s t  i r o n .  .... 

Weight 
l o s s  

Br ine11  
hard- 

..... do. . . . . . . . . . . . . . . . . . .  
High Cr-Mo w h i t e  c a s t  i r o n  

Number 

..... do. . . . . . . . . . . . . . . . . . .  ................. ..... do.. 

n e s s  of 1 per  Type of f a i l u r e  

Cold f low,  f l a k i n g  ..... do. . . . . . . . . . .  ..... do...  ........ ..... do........... 
F l a k i n g  ........... 
Breakage .......... 
F l a k i n g ,  breakage.  
Breakage .......... ..... do........... ..... do... . . . . . . . .  
S p a l l i n g  .......... 
S p a l l i n g ,  breakage ..... do.. . . . . . . . . .  ..... do.. . . . . . . . . .  ..... do........... 

14... 1 ..... do ................... I 670 1 100,000 1 5.1 I S p a l l i n g  .......... 
'HB 555 a t  end of t e s t ,  by work hardening.  

Volume 

1.8 .13 1.7 
2.3 .ll .17 ? .7 

None 
2.0 ( - 1 6  1 .25 1 7.5 

None 
N e g l i g i b l e  

None 
3.8 1 ..43 1 !..7 1 17.0 

N e g l i g i b l e  

4.2 

- 
Z ~ o s s  of broken f ragments  prevented d e t e r m i n a t i o n  of weigh: l o s s .  
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FlGLlRE 5. - Cold flow of a test block. Austeni t ic  Mn steel  (block 2) after 

120,000 impacts. 

FlGLlRE 6. - F lak ing  of a test block. M i ld  steel (block 1) after 50,000 
impacts. 



aus ten i t i c -manganese  s t e e l  do a g r e e  quai.- 
i t a t i v e l y  w i t h  t h e i r  known problems of 
c o l d  f low.  

FLAKING 

F l a k i n g  o c c u r r e d  a f t e r  r e p e a t e d  impacts  
on t h e  s u r f a c e  of t h e  t e s t  b locks  t h a t  
were no h a r d e r  t h a n  HB 555 and d i d  n o t  
s p a 1 1  o r  b reak .  As t h e  r e s u l t  of r e . -  
p e a t e d  p l a s t i c  de fo rmat ion  of t h e  s u r f a c e  
r e g i o n s ,  f l a k e s  formed and e v e n t u a l l y  se-  
p a r a t e d  from t h e  s u r f a c e .  Th i s  f l a k i n g  
c l o s e l y  resembles  t h e  t h r e s h o l d  mechanism 
of  f l a k e  f o r m a t i o n  r e p o r t e d  by Brown and 
Edington ( 6 )  f o r  e r o s i o n  caused by s o l -  
i d . - p a r t i c l e  impac t s .  P a r t i a l l y  formed 
f l a k e s  i n  t h e  m i l d - s t e e l  b lock  a r e  shown 
i n  f i g u r e  6. The d a r k  l i n e s  i n  t h e  .re- 
g i o n  of impact a r e  n o t  c r a c k s  bu t  shadows 
of  f l a k e s  t h a t  a r e  s e p a r a t i n g  from t h e  
s u r f a c e .  F lakes  were g e n e r a l l y  l e s s  than  
0.1 i n  a c r o s s  and ve ry  t h i n .  Examination 
of  t h e  f l a k e s  by e l e c t r o n  microscopy re -  
v e a l e d  t h a t  t h e  edges  cou ld  be p e n e t r a t e d  
by e l e c t r o n s ,  which i n d i c a t e d  a  t h i c k n e s s  
on t h e  o r d e r  of l o e 6  i n .  

Photomicrographs  of a  f l a k e  of mi ld  
s t e e l  ( b l o c k  1)  t h a t  s e p a r a t e d  a f t e r  
20,000 impacts  a r e  shown i n  f i g u r e  7.  A t  
X 50 t h e  d i s t r a u g h t  n a t u r e  of t h e  s u r f a c e  
w i t h  a  t a n g l e d  f i n e  s t r u c t u r e  i s  seen .  
A t  X 500,  t h e  s u r f a c e  of t h e  f l a k e  ap- 
p e a r s  uneven and c o n t a i n s  s m a l l  p a r t i -  
c l e s .  A t  X 2 ,500 ,  t h e  s u r f a c e  a p p e a r s  
r e l a t i v e l y  rough and i s  d e f i n i t e l y  cov- 
e r e d  w i t h  numerous s m a l l  p a r t i c l e s .  From 
a  s i l i c o n  a n a l y t i c a l  s c a n ,  t h e  l i g h t -  
c o l o r e d  p a r t i c l e s  were deduced t o  be 
f ragments  of s i l i c a  sand .  

The a l l o y s  t h a t  f l a k e d  were g e n e r a l l y  
t h e  s o f t e r  o n e s ,  and a l l  were s t e e l s  ex- 
c e p t  t h e  p e a r l i t i c  c a s t  i r o n ,  which had 
t h e  h i g h e s t  f l a k i n g  r a t e  of a l l .  The a l -  
l o y s  t h a t  f l a k e d ,  i n  o r d e r  of d e c r e a s i n g  
r a t e  of we igh t  l o s s ,  were p e a r l i t i c  c a s t  
i r o n ,  mi ld  s t e e l ,  l e a n  Mn Cr-Mo s t e e l ,  
high-carbon chromium s t e e l ,  a u s t e n i t i c -  
manganese s t e e l ,  and p e a r l i t i c  Cr-Mo 
s t e e l .  The p e a r l i t i c  c a s t  i r o n  was t h e  
on ly  specimen i n  t h i s  group t h a t  broke 
(33,400 impac t s )  b e f o r e  r e a c h i n g  t h e  f u l l  
normal test of 100,000 impac t s .  

*- - ;  u . Scale, p rn 

FIGLIRE 7. - Flakedebr- is.  Mi ld  s tee l  (b lock 1) .  
A, X 50; 8, X 500; C, X 2,500. 



The weight  l o s s e s  caused by f l a k i n g  
were a lmost  n e g l i g i b l e .  Based on t o t a l  
l o s s e s  and t o t a l  number of i m p a c t s ,  t h e  
l o s s e s  ranged from 0.09 mg per  impact f o r  
b lock  5  ( p e a r l i t i c  Cr-Mo s t e e l )  t o  1.4 mg 
p e r  impact f o r  b lock  7  ( p e a r l i t i c  c a s t  
i r o n ) .  The l a t t e r  v a l u e  i s  a c t u a l l y  h igh 
because  i n  b lock 7 ,  t h e  on ly  one i n  t h i s  
group t o  b r e a k ,  a  s i g n i f i c a n t  amount of 
edge ch ipp ing  o c c u r r e d  around t h e  f r a c -  
t u r e ;  t h e r e f o r e ,  t h e  weight  l o s s  was 
n o t  t o t a l l y  due t o  f l a k i n g .  Discoun t ing  
b lock  7 ,  t h e  v a l u e s  f o r  f l a k i n g  l o s s  
ranged from 0.09 mg p e r  impact f o r  b lock  
5 ,  t o  0.82 mg p e r  impact f o r  b lock  1 ,  t h e  
s o f t e s t  and most d u c t i l e  b lock.  

S PALL I NG 

Most of t h e  a l l o y e d  w h i t e  c a s t  i r o n s ,  
known t o  be ve ry  hard  and a b r a s i o n  

r e s i s t a n t ,  l o s t  m a t e r i a l  by s p a l l i n g .  
Normally,  a t  l e a s t  5,000 t o  10,000 i m -  
p a c t s  were r e q u i r e d  b e f o r e  a  s p a l l i n g  
c r a t e r  was observed.  Once i n i t i a t e d ,  t h e  
c r a t e r  grew i n  d iamete r  and d e p t h  a s  i m -  
p a c t i n g  con t inued .  F i g u r e  8  shows a  
l a r g e  c r a t e r  3  t o  4  i n  a c r o s s  by 0.43 i n  
deep t h a t  developed i n  t e s t  b lock  11 (Ni- 
C r  w h i t e  c a s t  i r o n )  a f t e r  100,000 i m -  
p a c t s .  The c r a t e r  was o v e r  2  i n .  i n  
d i a m e t e r  a f t e r  40,000 impacts .  A s  s e e n  
i n  t a b l e  3 ,  s p a l l i n g  occur red  on s i x  of 
t h e  e i g h t  a l l o y e d  whi te  c a s t  i r o n  b l o c k s ;  
namely, t h e  N i - C r  b lock  and t h e  f i v e  h igh  
Cr-Mo b locks .  The two t h a t  d i d  no t  
s p a l l ,  9  and 10 ,  broke p remature ly .  
Block 11 and b lock  14 ,  one of t h e  h igh 
C r - N i  b l o c k s ,  s u r v i v e d  t h e  f u l l  t e s t  of 
100,000 impac t s  but  developed t h e  l a r g e s t  
c r a t e r .  
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FIGLIRE 8. - Spa l l i ng  of a  t es t  b lock .  N i -C r  wh i te  c a s t  i ron (b lock  11)  af ter  100,000 impacts.  



The s i z e  of t h e  c r a t e r ,  r e l a t i v e  t o  t h e  
number of i m p a c t s ,  g i v e s  an i n d i c a t i o n  of  
t h e  t endency  t o  s p a l l .  The w e i g h t  l o s s  
p e r  impac t  i s  n o t  a s  good a n  i n d i c a t o r  of 
s p a l l i n g  b e c a u s e  i t  i n c l u d e s  edge  ch ip -  
p i n g  t h a t  i s  n o t  n e c e s s a r i l y  r e l a t e d  
t o  t h e  s p a l l i n g  t endency .  The s p a l l i n g  
rates a r e  b e t t e r  d e f i n e d  i n  terms of vo l -  
ume of impac t  c r a t e r  formed p e r  impac t .  
The rates a r e  i n c l u d e d  i n  t a b l e  3. 

The t r i p l i c a t e  h i g h  Cr-Mo b l o c k s ,  1 2 a ,  
1 2 b ,  and 12c ,  r e s i s t e d  s p a l l i n g  w e l l  un- 
t i l  t h e y  b roke  a t  20 ,600  t o  40 ,300  i m -  
p a c t s ,  when o n l y  s m a l l  c r a t e r s  had d e v e l -  
oped .  The o t h e r  two h i g h  Cr-Mo b l o c k s ,  
1 3  and 1 4 ,  s p a l l e d  a t  e x t r e m e l y  d i f f e r e n t  
r a t e s .  Block  13 d e v e l o p e d  o n l y  a s m a l l  
s p a l l i n g  c r a t e r  u n t i l  i t  b roke  a t  77 ,600  
i m p a c t s  , f o r  a r a t e  of  0 .9  x i n 3  p e r  
i m p a c t  ; b l o c k  14 d e v e l o p e d  t h e  l a r g e s t  
s p a l l i n g  c r a t e r  of any  b l o c k  and had 
t h e  h i g h e s t  s p a l l i n g  r a t e ,  33.6 x 
i n 3  p e r  impac t .  Both b l o c k s  were  re- 
a u s t e n i t i z e d  a t  a b o u t  1 ,000°  C, b u t  b l o c k  
13 was tempered  f o r  12 h r  a t  510' C, 
whe reas  b l o c k  14 was n o t  tempered .  Thus ,  
t h e  t e m p e r i n g  t r e a t m e n t  a p p a r e n t l y  re- 
d u c e s  s p a l l i n g  b u t  i n c r e a s e s  t h e  t endency  
t o  b reak .  The o p t i m i z a t i o n  of s p a l l i n g  
r e s i s t a n c e ,  b r e a k a g e  r e s i s t a n c e ,  and 
a b r a s i v e  wear  r e s i s t a n c e  is  b e i n g  s t u d i e d  
f u r t h e r .  

Pho tomic rog raphs  of a p i e c e  t h a t  
s p a l l e d  f rom b l o c k  14 are shown i n  f i g -  
u r e  9. A t  X 5 0 ,  t h e  s u r f a c e  is  s e e n  t o  
b e  i n t e r r u p t e d  by a  number of c r a c k s .  
C o a r s e  and  v e r y  f i n e  s i l i c a  p a r t i c l e s  a r e  
imbedded i n  t h e  s u r f a c e .  At X 500 ,  f i n e r  
c r a c k s  are s e e n  t h a t  s u r r o u n d  imminent 
s p a l l s  of much s m a l l e r  s i z e .  A h i n t  of 
f a t i g u e  s t r i a t i o n s  i s  a l s o  s een .  At 
X 2 , 5 0 0 ,  g r e a t e r  d e t a i l s  of t h e  p l a t e l e t s  
and  imbedded s i l i c a  p a r t i c l e s  can  be 
o b s e r v e d .  

Nine of t h e  t e s t  b l o c k s  broke  s u d d e n l y  
i n t o  two o r  t h r e e  l a r g e  p i e c e s  d u r i n g  
t e s t i n g .  A s  s e e n  i n  t a b l e  3 ,  b r eakage  
o c c u r r e d  o v e r  a r a n g e  of 130  t o  77 ,600  
i m p a c t s .  The m a r t e n s i t i c  Cr-Mo s t e e l  
( b l o c k  6 )  broke  a t  1 , 9 0 0  i m p a c t s ;  t h e  

FIGURE 9. - Spalldebris.  High Cr-Mowhitecast 
iron (block 14). A, X 50; B, X 500; C, X 2,500. 



p e a r l i t i c  c a s t  i r o n  ( b l o c k  7 )  broke 
a t  33,400 impac t s  a f t e r  deve lop ing  a  
s m a l l  f l a k i n g  c r a t e r .  The m a r t e n s i t i c -  
g r a p h i t i c  c a s t  i r o n  ( b l o c k  8 )  had t h e  
s h o r t e s t  l i f e  of any block--130 impacts .  
The N i  ( b l o c k  9 )  and N i - C r  w h i t e  c a s t  
i r o n s  ( b l o c k  10) s u r v i v e d  13,600 and 
3 ,300 i m p a c t s ,  r e s p e c t i v e l y .  The o t h e r  
N i - C r  w h i t e  c a s t  i r o n  ( b l o c k  11) d i d  n o t  
b reak .  

The t h r e e  h i g h  Cr-Mo w h i t e  i r o n  b locks  
( 1 2 a ,  12b, and 12c) developed s m a l l  
s p a l l i n g  c r a t e r s  b e f o r e  they  broke.  Fig- 
u r e  10 shows b lock  12c a f t e r  f a i l u r e  
a t  40,300 impac t s .  P a r t  of t h e  s p a l l -  
i n g  c r a t e r  can be s e e n  i n  t h e  f i g u r e .  

However, most of t h e  c r a t e r  was d e s t r o y e d  
by c h i p p i n g  and f r a c t u r i n g  t h a t  occur red  
a f t e r  t h e  b lock  broke but  b e f o r e  t h e  b a l l  
d ropp ing  was s t o p p e d ,  which was t y p i c a l  
f o r  most of t h e  b locks  t h a t  broke.  Block 
13 a lmost  s u r v i v e d  t h e  t e s t  bu t  broke a t  
77,600 impac t s .  

An i n d i c a t i o n  of t h e  r e p r o d u c i b i l i t y  of 
t h e  t e s t  can be l e a r n e d  from specimens 
1 2 a ,  b ,  and c .  These t h r e e  s i m i l a r  
b l o c k s  f a i l e d  between 20,600 and 40,300 
i m p a c t s ,  and t h e  weight  l o s s  was f a i r l y  
c o n s i s t e n t  between 1.6 and 2.2 mg per  i m -  
p a c t .  An i n d i c a t i o n  of t h e  v a l i d i t y  of 
t h e  t e s t  i s  g iven  by b lock  8  
( m a r t e n s i t i c - g r a p h i t i c  c a s t  i r o n )  which 
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FIGURE 10. - Breakage o f  a t es t  b lock .  H i g h  Cr-Mo wh i te  cas t  i ron  ( b o c k  1 2 ~ )  af ter  40,300 impacts.  



s u r v i v e d  o n l y  130  i m p a c t s .  The b l o c k  
c o n t a i n e d  t y p e  A g r a p h i t e ,  which  i s  known 
t o  c a u s e  e x t r e m e  b r i t t l e n e s s .  

HARDNESS AND MICROSTRUCTURE 

Some g e n e r a l  r e l a t i o n s  be tween  ha rd -  
n e s s  and  t h e  t y p e  o f  f a i l u r e  c a n  be f o u n d  
f r o m  t h e  d a t a  o f  t a b l e  3.  B r i n e 1 1  ha rd -  
n e s s  numbers  (HB)  were  d e t e r m i n e d  f r o m  
i n d e n t a t i o n s  made w i t h  t h e  3,000-kg 
l o a d .  The s o f t e r  t e s t  b l o c k s  ( u p  t o  
HB 555)  g e n e r a l l y  f a i l e d  by c o l d  f l o w  and  
f l a k i n g  as a  r e s u l t  o f  p l a s t i c  deforma-  
t i o n  and  e x t r e m e  m e c h a n i c a l  work 
h a r d e n i n g  o f  t h e  s u r f a c e  l a y e r s .  B locks  
w i t h  a  h a r d n e s s  o f  HB 555  a n d  g r e a t e r ,  
f a i l e d  by s p a l l i n g  o r  b r e a k a g e  o r  b o t h .  
It s h o u l d  be remembered t h a t  t h e  a b r z -  
s i v e  wear  r e s i s t a n c e  of  mos t  o f  t h e s e  
a l l o y s  w i l l  i n c r e a s e  w i t h  i n c r e a s i n g  
h a r d n e s s .  T h e r e f o r e ,  some c o m b i n a t i o n  of 
h a r d n e s s ,  s p a l l i n g  r e s i s t a n c e ,  and  b r eak -  
a g e  r e s i s t a n c e  mus t  be o p t i m i z e d  f o r  a  
g i v e n  a p p l i c a t i o n .  

It can be assumed t h a t  u i c r o s t r u c t u r e  
a n d  r e s i d u a l  s t r e s s e s  d e t e r m i n e  w h e t h e r  
t h e  f a i l u r e  mode o f  h a r d  m a t e r i a l s  i s  
c a u s e d  by s p a l l i n g  o r  b r e a k a g e .  From t h e  
m i c r o s t r u c t u r e s  d e s c r i b e d  i n  t a b l e  2 ,  
s e v e r a l  e f f e c t s  of  m i c r o s t r u c t u r e  on  
s p a l l i n g  and  b r e a k a g e  c a n  be o b s e r v e d .  
The g r a p h i t e  f l a k e s  i n  t h e  m i c r o s t r u c -  
t u r e  of  b l o c k  8 e x p l a i n  i t s  e a r l y  demi se .  
The c o a r s e  p r i o r  d e n d r i t i c  s t r u c t u r e  
a n d  c o a r s e  m a r t e n s i t e  i n  b l o c k s  6  and  9 
p r o b a b l y  c o n t r i b u t e d  t o  t h e i r  p r e m a t u r e  
f a i l u r e  by b r e a k a g e .  The p e a r l i t i c  
s t r u c t u r e  o f  t h e  c a s t  i r o n  i n  b l o c k  7 ,  
howeve r ,  g a v e  i t  a  l o n g e r  l i f e ,  33 ,400  
i m p a c t s ,  and  t h e  p e a r l i t i c  s t r u c t u r e  i n  
t h e  Cr-Mo s t e e l  g a v e  i t  enough  t o u g h n e s s  
t o  s u r v i v e  t h e  f u l l  t e s t .  

The  Cr-Mo w h i t e  c a s t  i r o n s  c o n t a i n e d  
i n t e r d e n d r i  t i c  e u  t e c t i c  c a r b i d e s  and 

d e n d r i t e s  w i r h  v a r i o u s  c o m b i n a t i o n s  of 
a u s  t i n i t e ,  t empe red  m a r t e n s i t e ,  and  s e c -  
o n d a r y  c a r b i d e  p r e c i p i t a t e s .  B lock  1 3 ,  
wh ich  r e s i s t e d  s p a l l i n g  v e r y  w e l l  b u t  
e v e n t u a l l y  b r o k e  a t  77 ,600  i m p a c t s ,  con- 
t a i n e d  d e n d r i t e s  t h a t  had t r a n s f o r m e d  t o  
m a r t e n s i t e  by h e a t  t r e a t m e n t .  B lock  14,  
on  t h e  o t h e r  h a n d ,  which s p a l l e d  e x c e s -  
s i v e l y  and d i d  n o t  b r e a k ,  c o n t a i n e d  a u s -  
t e n i  t i c  d e n d r i t e s  w i t h  s e c o n d a r y  c a r b i d e  
p r e c i p i t a t e s .  T h i s  a g r e e s  w i t h  f i n d i n g s  
o f  o t h e r s  ( 8 - 9 ) ;  --  name ly ,  t h a t  a u s t e n i t e  
i n c r e a s e s  t h e  f a t i g u e  l i f e  of  t h e  b u l k  
c a s t i n g  b u t  a l s o  i n c r e a s e s  t h e  t e n d e n c y  
t o  s p a l l .  Because  s p a l l i n g  i s  a l s o  a  
f a t i g u e  p r o c e s s ,  t h e  p r e c e d i n g  s t a t e m e n t  
seems  somewhat c o n t r a d i c t o r y .  W e  s u s p e c t  
t h a t  r e t a i n e d  a u s t e n i  t e  p romo te s  s p a l l i n g  
by r e d u c i n g  t h e  s h o r t  r a n g e ,  s u b s u r f a c e  
f a t i g u e  l i f e  w h i l e  i n c r e a s i n g  b r e a k a g e  
r e s i s t a n c e  by i m p r o v i n g  t h e  f r a c t u r e  
t o u g h n e s s  of  t h e  c a s t i n g .  The s p a l l i n g  
r a t e s  of b l o c k s  1 2 a ,  12b ,  and 1 2 c  were  
i n t e r m e d i a t e ,  wh ich  would a g r e e  w i t h  t h e  
i n t e r m e d i a t e  amount of  o b s e r v e d  a u s t e n -  
i t e ;  t h e  s h o r t e r  l i f e  t o  b r e a k a g e  c o u l d  
be a t t r i b u t e d  t o  t h e  more a c i c u l a r  mor- 
p h o h - g - - - o f - .  .-theta-rbides. The above  d i s -  
c u s s i o n  i s  based  on  m i c r o s t r u c t u r a l  
o b s e r v a t i o n s ,  It must  be r e a l i z e d  t h a t  
a c c u r a t e  d e t e r m i n a t i o n  o f  r e t a i n e d  aus-  
t e n i t e  r e q u i r e s  X-ray a n a l y s i s  ( 1 4 ) .  - 

I n  a  d e t a i l e d  s t u d y  of f r a c t u r e  tough-  
n e s s  o f  w h i t e  c a s t  i r o n s  of v a r i o u s  h e a t  
t r e a t ~ u e n t s  and  c o m p o s i t i o n s ,  S a r e  ( 2 0 )  
f o u n d  few c o r r e l a t i o n s  e x c e p t  t h a t  re- 
t a i n e d  a u s t e n i t e  improved  t h e  f r a c t u r e  
t o u g h n e s s .  D i e s b u r g  ( 8 )  f ound  a  s l i g h t  
d e c r e a s e  i n  f r a c t u r e  t o u g h n e s s  and a n  i n -  
c r e a s e  i n  h a r d n e s s  a s  t h e  t e m p e r i n g  tem- 
p e r a t u r e  of  a  Cr-Mo w h i t e  i r o n  was i n -  
c r e a s e d ,  t h e r e b y  p r e sumab ly  r e d u c i n g  t h e  
r e t a i n e d  a u s t e n i t e .  The r e l a t i o n s h i p  be- 
tween  r e t a i n e d  a u s  t e n i t e  and  s p a l l i n g  i s  
b e i n g  s t u d i e d  t h r o u g h  a d d i t i o n a l  r e s e a r c h  
o n  w h i t e  c a s t  i r o n s .  

A t e s t  machine  was d e v i s e d  t h a t  c a n  l i n e r s .  A f o u r t h  mode, f l a k i n g ,  was 
p r o d u c e  c o l d  f l o w ,  s p a l l i n g ,  o r  b r e a k a g e  i d e n t i f i e d  i n  t h e  test  b u t  i s  n o t  f ound  
o f  a  t e s t  b l o c k  i n  a  r e l a t i v e l y  s h o r t  i n  r e a l  mills b e c a u s e  t h e  a b r a s i v e  wear  
t i m e .  These  t h r e e  modes of  d e g r a d a t i o n  d o m i n a t e s  . 
a r e  t h e  same as f o u n d  i n  r e a l  mi11 



The machine  p r o d u c e s  s e v e r e  r e p e a t e d  
i m p a c t s ,  a t  a  r a t e  of  a b o u t  2 , 0 0 0  p e r  
h o u r ,  c o n c e n t r a t e d  on a  s m a l l  r e g i o n  o f  a  
t e s t  b l o c k ,  

Cold f l o w  o c c u r r e d  on t h e  t h r e e  s o f t -  
e s t  a l l o y s ,  m i l d  s t ee l ,  a u s t e n i t i c  man- 
g a n e s e  s t e e l ,  and h igh -ca rbon  chromium 
s t e e l  (HB 156 t o  4 1 5 ) ,  and on t h e  l e a n -  
manganese s t e e l  (HB 555) F l a k i n g  oc- 
c u r r e d  on t h e s e  f o u r  a l l o y s  and on two 
a d d i t i o n a l  a l l o y s ,  p e a r l i t i c  Cr-Mo s t e e l  
and  p e a r l i t i c  c a s t  i r o n .  S p a l l i n g  o r  
b r e a k a g e  o r  b o t h  o c c u r r e d  on t h e  
r e m a i n i n g  t e s t  b l o c k s ,  a l l  w i t h  a  h a r d -  
n e s s  of HB 555 o r  g r e a t e r .  S p a l l i n g  was 
o b s e r v e d  o n l y  on t h e  a l l o y e d  w h i t e  c a s t  
i r o n s  . 

The a v e r a g e  w e i g h t  l o s s  r a t e  was l e a s t  
f o r  t h e  s o f t  a l l o y s  t h a t  f l a k e d ,  r a n g i n g  
f r o m 0 . 0 9  t o 1 . 4  mg p e r i m p a c t .  But 
t h e s e  a l l o y s  s u f f e r e d  e x c e s s i v e  c o l d  f l o w  

and c o u l d  be e x p e c t e d  t o  have  pool  
a b r a s i o n  r e s i s t a n c e  ( e x c e p t  f o r  a u s t e n -  
i t i c  manganese s t e e l ) .  The  eight l o s s  
r a t e  was h l g n e s t  f o r  t h e  a l l o y s  t h a t  
s p a l l e d ,  r a n g i n g  f rom 1.6 t o  5.1 mg p e r  
Impac t .  

The t e s t  r e s u l t s  a g r e e  w i t h  t h e  e s t a b -  
l i s h e d  g e n e r a l  r e l a t i o n s h i p s  f o r  m i l l  
i i n e r s - - h a r d  a b r a s i o n - r e s i s t a n t  a i l o y s  
t e n d  t o  s p a l l  o r  b r e a k ,  and s o f t  work- 
h a r d e n a b l e  a l l o y s  t e n d  t o  p l a s t i c a l l y  
deform.  The r e s u l t s  a l s o  c o n f i r m  t h a t  
high-chromium w h i t e  c a s t  i r o n s  have  a  
t e n d e n c y  t o  s p a l l  b u t  m y  n o t  s p a l l  ex-.  
c e s s i v e l y  i f  h e a t  t r e a t e d  p r o p e r l y ,  The 
t e s t  may be u s e f u l  f o r  f u r t h e r  i n v e s t i g a -  
t i o n s  i n t o  t h e  b a s i c  c a u s e s  of  s p a l l i n g  
and  b r e a k a g e  and e s t a b l i s h i n g  t h e i r  r e l a -  
t i o n s h i p  t o  t h e  h e a t  t r e a t m e n t ,  composi- 
t i o n ,  and wear  r e s i s t a n c e  of m i l l  l i n e r  
m a t e r i a l s .  
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